Recent advances in pluripotent stem cell biology and directed differentiation have identified a population of human cardiovascular progenitors that give rise to cardiomyocytes, smooth muscle, and endothelial cells. Because the heart develops from progenitors in 3D under constant mechanical load, we sought to test the effects of a 3D microenvironment and mechanical stress on differentiation and maturation of human cardiovascular progenitors into myocardial tissue. Progenitors were derived from embryonic stem cells, cast into collagen hydrogels, and left unstressed or subjected to static or cyclic mechanical stress. Compared to 2D culture, the unstressed 3D environment increased cardiomyocyte numbers and decreased smooth muscle numbers. Additionally, 3D culture suppressed smooth muscle a-actin content, suggesting diminished cell maturation. Cyclic stress-conditioning increased expression of several cardiac markers, including b-myosin heavy chain and cardiac troponin T, and the tissue showed enhanced calcium dynamics and force production. There was no effect of mechanical loading on cardiomyocyte or smooth muscle specification. Thus, 3D growth conditions favor cardiac differentiation from cardiovascular progenitors, whereas 2D conditions promote smooth muscle differentiation. Mechanical loading promotes cardiomyocyte structural and functional maturation. Culture in 3-D facilitates understanding how cues such as mechanical stress affect the differentiation and morphogenesis of distinct cardiovascular cell populations into organized, functional human cardiovascular tissue.
INTRODUCTION
The development of functional human myocardium for basic research and regenerative therapy would be greatly enhanced by an ability to generate the several differentiated cell types found in mature cardiac tissue within a single tissue construct. This could theoretically be done by subjecting a single line of pluripotent cells to several specific differentiation protocols, for example, differentiating vascular endothelium using an endothelial-specific differentiation protocol [1] and cardiomyocytes using a cardiogenic protocol [2] , and then mixing the resulting cell types in the context of a three dimensional (3D) matrix. The discovery of a tripotential cardiovascular progenitor (CVP) population [3] [4] [5] existing partway between the pluripotent cell state and the differentiated cardiac and vascular fates-provides an attractive alternative for creating differentiated cardiovascular tissues. These kinase insert domain receptor (KDR)-and platelet-derived growth factor receptor alpha (PDGFRa)-expressing progenitor cells could potentially provide the basis for bioengineered tissues consisting of working myocardium preset with its own genotype-specific vasculature, useful for both the paracrine induction of cardiomyocyte proliferation [6] within the tissue and the "plug and play" vasculature that facilitates in vivo engraftment.
The idea of creating a tissue with intentionally mixed cell types is relatively novel, with most attempts prior to 2007 [7] using only a single, often rodent, cardiac cell type or an unpurified neonatal heart preparation [8] [9] [10] [11] . However, several studies have demonstrated that admixture of other cell types improves the viability and function of cardiomyocytes themselves [7, 12, 13] . Our own recent work has demonstrated that coculture with endothelial cells significantly increases cardiomyocyte proliferation, whereas the further addition of a stromal cell type in turn increases vascular structure a Department of Bioengineering, b formation [6] . While in retrospect such crosstalk may have been predictable, given that natural tissues are composed of many cell types, the tools to replicate and study such interactions in relevant, human-based model systems have been limited.
Previous studies in cardiac tissue engineering using mixed cell populations have tended to use cells from different sources, even from different species [7, 14] . Our goals were, first, to create human cardiac tissue from a single genetic background, with cells differentiating and self-organizing together; and second, to see whether specific manipulations, such as 3D scaffolding versus two dimensional (2D) culture, or mechanical stress conditioning compared to unstressed conditions, differentially affected fate choice and maturation among the resulting cell types. Understanding how particular manipulations can affect distinct but interacting cell populations is essential to building organized, functional cardiovascular tissue in vitro that can be used for disease modeling, drug screens, and therapeutic applications.
MATERIALS AND METHODS

CVP Differentiation
Undifferentiated human embryonic stem cells (ESCs) of the H7 line and human induced pluripotent stem cells (hiPSCs) of the IMR90 and IBJ line were maintained as described previously [1, 6, 15] . To initiate induction of CVP state, stem cells were formed into embryoid bodies and subjected to a previously described directed differentiation protocol using bone morphogenetic protein 4 (BMP4), activin A, vascular endothelial growth factor (VEGF), and Wnt inhibitor [5, 16] . Details of CVP differentiation are shown in Supporting Information Methods. Differentiation of CVPs and progenitor constructs took place in a "Backbone" medium. Maintenance of differentiated constructs and cultures containing, in various proportion, cardiomyocyte, endothelial, and smooth muscle cells was managed with Backbone medium supplemented with VEGF (10 ng/mL, R&D Systems, Minneapolis, MN, http://www. rndsystems.com).
Generation of CVP Constructs
Tissue constructs were generated by suspending progenitors in gels of type I collagen plus basement membrane proteins as described by Tulloch et al. (see Supporting Information Methods for detail) [6] . To investigate the effects of exogenous cyclic stress conditioning, Tissue Train plates containing constructs were placed onto an Arctangle loading posts in a baseplate connected to an FX-4000T system (Flexcell) on the day following construct fabrication. Uniaxial cyclic strain was applied at a 1 Hz, 5% elongation using a square sine waveform setting. Static stress conditioning was achieved by maintaining constructs at a fixed static length, whereas no-stress conditions were achieved with one end of the construct cut free of the nylon tab. Constructs were maintained in a regimen of no stress, static stress, or cyclic stress conditioning for a period of 2 weeks before analysis.
Flow Cytometry
KDR/PDGFRa dual staining for flow cytometry was conducted at day 5 of differentiation as described previously (see Supporting Information Methods for detail) [16] . For disruption of cardiovascular tissue constructs for fate analysis, the 3D constructs were dispersed to single cells using a trypsin-based technique as described in Supporting Information Methods. For analysis of cardiovascular fate choice by flow cytometry, the dissociated cells were resuspended with 0.75% saponin (Sigma) in phosphate-buffered saline (PBS) with 5% fetal bovine serum (FBS) and stained for cardiac troponin T (cTnT), smooth muscle a-actin (SMA) or hCD31 (see Supporting Information Methods for detail).
Calcium Transient Analysis
Calcium transient traces were collected from spontaneously beating cardiac tissue constructs using the ratiometric calcium fluorophore Fura2-AM (Invitrogen, Carlsbad, CA, http://www. invitrogen.com) in medium at 308C under low magnification using a 310 objective. Calcium transients were measured in Fura2-loaded cells using IonOptix system video microscopy (IonOptix LLC) as described previously [17, 18] .
Immunostaining, Western Blot, and Quantitative Reverse Transcriptase Polymerase Chain Reaction For immunohistochemistry, constructs were fixed for 20 minutes in 4% paraformaldehyde (PF) and embedded in paraffin. 5 lm sections were cut, and primary antibody staining was performed overnight, followed by 1 hour of secondary antibody incubation. Details for antibodies, Western blot, and quantitative reverse transcriptase polymerase chain reaction (RT-PCR) are described in Supporting Information Methods.
Mechanical Measurements
Constructs were dissected into 2-mm-long sections and suspended between a force transducer (Aurora Scientific, model 400A) and a length controller (Aurora Scientific, model 312B). Slack length was determined as the length step before a positive amplitude twitch transient appears. From the initial slack length, constructs were stretched to a final length of 125% initial length with tension recorded simultaneously. An inline perfusion system (Warner Instruments) was used to keep the solution temperature around 378C and infuse pharmacological agents in a HEPES-buffered Tyrode solution (1.8 mM CaCl 2 , 1 mM MgCl 2 , 5.4 mM KCl, 140 mM NaCl, 0.33 mM NaH 2 PO 4 , 10 mM HEPES, 5 mM glucose, pH 7.4). For calcium free HEPES-buffered Tyrode buffer, 5 mM EGTA was added to deplete CaCl 2 . Force and length signals were digitally recorded and analyzed using custom LabView software. N 5 3-4 from two biological replicates.
RESULTS
Bioengineered Progenitor Constructs Mature into Cardiovascular Tissue
Human pluripotent stem cells were differentiated into tripotential CVP cells (see Materials and Methods) using BMP4, activin A, basic fibroblast growth factors (FGF), VEGF, Wnt agonists and/or antagonists to Wnt, BMP, Nodal in three sequential stages as previously reported [3, 16] . The large majority of cells collected at day 4/5 after the onset of differentiation coexpress the lineage markers KDR and PDGFRa (Fig. 1A) , signifying a tripotential population capable of differentiating along cardiac and vascular fates [3, 5] . While a majority of cells were identified as KDR low /PDGFRa1 CVPs, a small population of cells were identified as KDR high hemangioblasts which have endothelial Ruan, Tulloch, Saiget et al. and hematopoietic potential [19] . However, the cardiogenic potential of the sorted majority KDR1 low /PDGRFa1 population versus the cardiogenic potential of the unsorted cells has been found to be virtually identical [5] . In light of these published studies, we used the unsorted progenitors 1 day after Wnt signaling inhibition in CVP differentiation as our input population for the generation of cardiovascular tissue within 3D collagenbased scaffold. This preparation is referred to as "progenitors" through the remainder of the manuscript.
Over the course of 2 weeks of differentiation within this 3D matrix, these tripotential progenitor-derived constructs mature into cardiovascular tissue ( Fig. 1B-1F ; Supporting Information Online Video 1), composed of cardiomyocytes expressing the contractile protein cTnT (Fig. 1C, 1G, 1H ), endothelial cells expressing CD31 (Fig. 1D, 1I ), and smooth muscle-like cells expressing SMA or smooth muscle myosin heavy chain, SM1 (Fig. 1E, 1F ). Features characteristic of immature native myocardium were observed in the CVP constructs. Endothelial cells formed lumen structures adjacent to cardiomyocytes and smooth muscle cells (Fig. 1G, 1I ). Staining of smooth muscle marker, SMA, and cardiac marker, cTnT, showed SMA1 cells that lie in the interstitium between (Fig. 1H) . Surprisingly, cell alignment was not observed from these constructs when subjected to static or cyclic stress conditionings (Supporting Information Fig. 1 ).
Progenitor Fate-Choice and Maturation in 2D Versus 3D Bioengineered Tissue
By flow cytometric analysis, we compared the fate choice of CVPs under 2D culture and 3D culture conditions (including no stress, static stress, and cyclic stress). Tripotential ESCderived CVPs cultured within 3-D engineered tissue differentiated into cardiomyocytes at 34% higher purity than when the same progenitors were plated in 2D culture ( Fig. 2A ; 62.6% vs. 46.6%, respectively p < .05). Smooth muscle cell differentiation, on the other hand, decreased by 68% in 3D constructs ( Fig. 2B; 3 .7% vs. 11.4%, respectively, p 5 .0001), and endothelial cell differentiation remained unchanged (Fig. 2C) . A similar effect was observed in hiPSC-derived CVP constructs. For IMR90 hiPSC-derived CVPs, cardiomyocyte differentiation in 3D engineered tissue increased 42% over 2D culture ( Fig.  2D ; 64.5% vs. 45.3%, respectively, p < .05) and smooth muscle differentiation decreased 83% from 2D culture (Fig. 2E, 2 .8% vs. 14.0%, p < .005). As before, no difference was observed in endothelial cell differentiation between 2D and 3D conditions ( Fig. 2F; 4 .2% vs. 4.0%, respectively). For IBJ hiPSC-derived CVPs, cardiac differentiation increased by 145% in the constructs (Fig. 2G, 48 .7% vs. 19.8% for engineered construct and 2D culture, respectively, p < .05) while the smooth muscle cell differentiation decreased 56% (Fig. 2H, 35 .6% vs. 81.6% for Figure 2 . Quantification of progenitor fate between 2D and 3D cultures by flow cytometry. (A-C): H7 human embryonic stem cell (hESC) line. Cardiomyocytes differentiate at 34% higher purity in 3D ESC-derived cardiovascular progenitor (CVP) constructs versus 2D plated culture conditions (A, 3D vs. 2D, 62.6% vs. 46.6%, respectively; *, p < .05), while smooth muscle cells differentiate at threefold lower purity in 3D constructs (B, 3D vs. 2D, 3.7% vs. 11.4%, respectively, *, p < .0005). (C): The differentiation into CD31 positive endothelial cells is not affected by the culturing conditions. (D-F): Similar effect has been observed in IMR90 human induced pluripotent stem cell (hiPSC)-derived CVP constructs, where 3D culture conditioning induces cardiac differentiation (D, 3D vs. 2D, 64.5% vs. 45.3%, respectively, *, p < .05), reduces smooth muscle lineage (E, 3D vs. 2D, 14.0% vs. 2.7%, respectively; *, p < .005) and has no effect on endothelial differentiation (F). (G-I): Another hiPSC-derived cell line, IBJ line, also shows that the cardiac differentiation is promoted by 3D conditioning (G, 3D vs. 2D, 48.7% vs. 19.8%, respectively, *, p < .05) and the smooth muscle lineage is promoted by 2D conditioning (H, 3D vs. 2D, 35.6% vs. 81.6%, respectively, *, p < .05). Interestingly, unlike the other two cell lines, IBJ-derived endothelial cell differentiation is also promoted under 3D conditioning (I, 3D vs. 2D, 1.3% vs. 12.2%, respectively, *, p < .005). Abbreviations: cTnT, cardiac troponin T; SMA, smooth muscle actin. In addition to differences in fate choice, some aspects of cardiomyocyte, endothelial, and smooth muscle cell maturation was differentially affected by culture in 3D engineered tissue versus 2D culture conditions. When normalized on a per-cell basis, H7 ESC-derived cardiomyocytes cultured in 3D tissue had more than twofold increased average cTnT intensity per cTnT1 cell over those cultured in plated conditions (Supporting Information Fig. 2A) . Similarly, H7 ESC-derived endothelial cells had more than twofold higher CD31 content per CD311 cell in engineered tissue, likely reflecting increased cell size (Supporting Information Fig. 2C ). Conversely, smooth muscle cells in 3D H7 ESCderived engineered tissues had a 1.7-fold decrease in per-cell SMA intensity compared to 2D culture (Supporting Information  Fig. 2B ). On the other hand, average cTnT intensity per cTnT1 cell in both lines of hiPSC-derived CVP constructs did not change between 2D plated cells and the 3D constructs (Supporting Information Fig. 2D, 2G ). For IMR90 hiPSC-derived smooth muscle cells, 3D culture had a 2.8-fold decrease in SMA intensity per SMA1 cells over those in 2D plated cells (Supporting Information Fig. 2E ), while a twofold increase was observed in 2D IBJ hiPSC-derived CVPs (Supporting Information Fig. 2H ). CD31 intensity was not changed between plated cells and constructs in IMR90 hiPSC-derived CVP constructs (Supporting Information  Fig. 2F ), while a 1.2-fold increase was observed in 3D IBJ hiPSCderived constructs (Supporting Information Fig. 2I ).
Progenitor Fate Choice and Maturation with Mechanical Stress Conditioning
To investigate the effects of stress conditioning on fate choice and maturation, CVP constructs were subjected to 2 weeks of no stress, static stress, or cyclic stress conditioning before quantification by flow cytometry. Cyclic stress conditioning markedly increased endothelial differentiation in H7 ESCderived CVP constructs (Supporting Information Fig. 3C ), but had no effect on the two hiPSC lines (Supporting Information  Fig. 3F, 3I ). On the other hand, none of the three conditioning regimes had any significant effect on cardiomyocyte (Supporting Information Fig. 3A, 3D, 3G ) or smooth muscle fate choice (Supporting Information Fig. 3B, 3E, 3H ). The finding that stress conditioning does not differentially affect cardiomyocyte differentiation was independently verified by cell counts in histological sections (data not shown). Two weeks of cyclic stress conditioning, however, increased cTnT intensity per cell by about 1.3-to 1.5-fold over static or no stress conditioning in both H7 ESC and IBJ hiPSC-derived CVP constructs (Fig. 3A, 3G , p < .05), suggesting that cyclic stress conditioning does have a distinct effect on cardiomyocyte maturation. Furthermore, cTnT expression was independently analyzed by Western blot of whole construct lysates (Fig. 4) . Cyclic stress-conditioned constructs had significantly higher normalized cTnT protein levels than unstressed constructs (p < .05). In contrast to the apparent effect of stress conditioning on cardiomyocyte maturation, smooth muscle maturation, as measured by per-cell SMA intensity (Fig. 3B, 3E, 3H) , as well as endothelial cell maturation, as measured by per-cell CD31 intensity, were not affected by the conditioning regimes tested (Fig. 3C, 3F, 3I ).
Cell Maturation and Cell Fate by Quantitative RT-PCR
Following 2 weeks of stress conditioning, whole CVP construct lysates were analyzed by quantitative RT-PCR for expression of the cardiomyocyte contractile gene b-myosin heavy chain (b-MHC). In H7 ESC-derived CVP constructs, cyclic stress conditioning significantly increased the expression of b-MHC-by 550%-800%-over no stress and static stress conditions (Fig. 5A) . Concurrently, a-MHC gene expression significantly decreased with cyclic stress conditioning, to 62% or 50% of no stress or static stress conditions (Fig. 5B) . This is analogous to reports in the literature observing a significant decrease in relative a-MHC protein abundance with increasing human gestational age between 7 and 12 weeks [20] . Interestingly, analysis of individual H7 ESCderived tissue constructs showed that b-MHC and a-MHC transcripts exhibit inverse proportionality (Fig. 5C) , with a-MHC declining rapidly as b-MHC increased with maturation. On the other hand, expression of the cardiomyocyte fate marker Nkx2.5 remained unchanged over the different conditioning regimes (Fig. 5D ), indicative of a cardiomyocyte maturation effect rather than a promotion of cardiogenic fate choice. However, no increase in b-MHC or Nkx2.5 gene expression was observed in IMR90 hiPSC-derived CVP constructs and IBJ hiPSCderived CVP constructs (data not shown).
Calcium Dynamics of Stress-Conditioned Bioengineered Cardiovascular Tissue
Calcium transients were visualized using the ratiometric calcium fluorophore Fura-2. Representative spontaneous calcium transients from H7 ESC-derived cardiovascular tissue conditioned with 2 weeks of no stress, static stress, or cyclic stress are shown in Figure 6A ; colors correspond to regions of interest further quantified (Fig. 6B) . Calcium dynamics were markedly increased in cyclic strain-conditioned constructs by measurement of a number of different parameters. Peak calcium flux was increased by more than 100% (peak height of 0.018, 0.016, and 0.037 for no strain, static strain, and cyclic strain, respectively, p < .005). When adjusted for any potential differences in baseline calcium intensity (the baseline as a percentage of peak height, bl%peak h), cyclic stress-conditioned peak height remained more than 100% increased (p < .005). Additionally, departing velocity was increased by 120%-130% with cyclic stress conditioning (no stress: 0.38, static stress: 0.37, cyclic stress: 0.84, p < .0005). This increased calcium influx in cyclic stress-conditioned constructs was reflected not only in peak height and departing velocity kinetics but also in a threefold increase in area under the departing curve and three to ninefold increase in the area under the return curve (data not shown). However, the time to peak (peak t) was not noticeably changed between conditions, indicating a similar calcium influx time-frame between all groups, and the return velocity of the transient was comparable among groups. These changes in calcium flux due to conditioning were mirrored by changes in intercellular junction protein expression, with both connexin-43 and cadherin markedly increased in cyclic stress conditioned constructs (Supporting Information Fig. 4 ).
Force Production of Stress-Conditioned Bioengineered Cardiovascular Tissue
CVP constructs were subject to a series of short increasing length steps while simultaneously recording tension. The CVP constructs were able to demonstrate the Frank-Starling relation, wherein increasing preload enhances the active force production (Supporting Information Fig. 5; Fig. 7) . A significant increase in passive and active force magnitude was observed in constructs subject to cyclic stress (Fig. 7) . Nonstressed H7-derived CVP construct had a passive stiffness of 0.22 6 0.04 kPa, while those subject to static stress and cyclic stress increased the passive stiffness to 0.47 6 0.05 kPa and 0.71 6 0.12 kPa, respectively (p < .005 to no stress conditioning; p 5 .45 for static stress vs. cyclic stress conditioning). The slope of the Frank-Starling curve defines the contractility of these cardiovascular tissues. Contractility was also increased by stress conditioning. Static stress increased the contractility by threefold over nonstressed conditioning while cyclic stress further increased the contractility by twofold over static stress (p < .05). In addition to the Frank Starling mechanism, these engineered tissues demonstrated characteristics similar to native myocardium. The constructs were responsive to extracellular calcium concentration and BDM (2,3-butanedione monixime), a nonselective reversible myosin ATPase inhibitor (Supporting Information Fig.  6 ). Increases in extracellular calcium concentration augmented the force production, and addition of BDM totally blocked the contractility. Addition of the b-adrenergic agonist, isoproterenol, demonstrated a positive chronotropic (rate increase) and a mild inotropic (force increase) effect, indicating the engineered tissue is functionally similar to myocardium.
DISCUSSION
In this study, we demonstrate the differentiation of human multicellular cardiovascular tissue generated from human pluripotent stem cell-derived CVPs in a 3D bioengineered tissue environment. We found that the 3D environment altered fate significantly compared to 2D culture. Additionally, this study reveals that mechanical stress conditioning in a 3D bioengineered tissue environment influenced cardiac maturation. To our knowledge, this is the first study to examine the relative contributions to differentiation and maturation of a particular in vitro manipulation on cardiovascular cell types arising from a single multipotent progenitor. Finally, we demonstrate that the force production and calcium handling of this engineered cardiovascular tissue is markedly increased with cyclic stress conditioning, in comparison to static stress or no stress conditioned counterparts. Our initial findings that differentiation from the CVP population into the cardiac, endothelial, and smooth muscle fates was (Fig. 1) were promising. We next sought to examine differences in fate choice between the standard 2D culture environment and the 3D scaffold. Differentiation from pluripotent cells to cardiomyocytes has been established using both 2D [2, 6, 16] and 3D-based differentiation methods; [3, 4] however, we examined the comparative efficiency of 2D versus 3D environments in a single differentiation protocol using a committed cardiovascular precursor stage. We devised a construct disassociation procedure which allowed us to quantitatively analyze whole constructs on a single-cell basis by flow cytometry and found that cardiomyocyte differentiation was increased in the 3D construct environment while the smooth muscle fate was strongly diminished (Fig. 2) . We next looked at maturation of each subset, by mean intensity per cell of the cardiomyocyte, smooth muscle, or endothelial cell marker. For H7 ESC-derived cardiovascular constructs, cardiomyocytes and endothelial cells differentiated in 3D tissue conditions had a significantly increased amount of the contractile protein cTnT or endothelial protein CD31 per cell, respectively, whereas smooth muscle cells within the 3D scaffold had a lower SMA protein content than those plated in 2D (Supporting Information Fig. 2A, 2B, 2C ). However, in the hiPSC-derived cardiovascular constructs, although the SMA protein content decreased significantly in 3D scaffold, no effect of cTnT level was observed (Supporting Information Fig. 2D, 2G ).
We next examined the effect of mechanical stress conditioning on progenitor fate choice. Progenitor constructs subjected to 2 weeks of cyclic or static stress conditioning did not, surprisingly to us, have an increased percentage of cardiomyocytes or smooth muscle cells compared to constructs maintained in unstressed conditions (Supporting Information Fig. 3 ). These data are in contrast to previous reports where mechanical stress conditioning increased cardiomyocyte differentiation from mouse ESCs [21] [22] [23] . This contrast may be indicative of a basic difference between mouse and human cardiomyocyte differentiation cues. However, as these previous studies were conducted using whole culture/lysate methods such as PCR, Western blotting, or number of beating foci, changes in cardiomyocyte maturation could have been mistaken for cardiogenic effects on differentiation. Our examination of cardiomyocyte markers on a per-cell basis allowed us to distinguish effects of mechanical stress on fate-specification from the effects we observed on cardiomyocyte maturation.
Of note, stress conditioning affected maturation of the cardiovascular subsets differently. Smooth muscle content of SMA protein did not change at all with stress conditioning in all three lines, while cardiomyocyte expression of the sarcomeric protein cTnT was markedly increased by cyclic stress conditioning in both H7 and IBJ lines (Fig. 3) . A striking increase in cardiac maturation markers has been shown from : Maximum rate of calcium signal increase (departing velocity, dep v) was more than twofold increase in cyclic stress-conditioned constructs compared to no stress or static stress-conditioned constructs. Similarly, the amplitude of the calcium transient (peak h) increased in the cyclic stress-conditioned constructs by greater than twofold. When adjusted for potential differences in baseline calcium intensity (the baseline as a percentage of peak height, bl%peak h), cyclic stressconditioned peak height remained more than twofold greater. Time to peak (peak t) was not significantly different between the groups, indicating that the differences in departing velocity and calcium transient height are due to increased calcium flux occurring over the same depolarization time-frame. Return velocity and contraction rate was not significantly different between cyclic stress and no stress groups but was moderately faster in the static stress group. Spontaneous contraction rate was closely tied to the cyclic stress conditioning rate of 1 Hz in the cyclic stress group, but more variable in the unpaced groups. Values are shown as average 6 SEM. Abbreviation: CS, Cyclic stress.
Ruan, Tulloch, Saiget et al. Fig. (4 and 5) A). Intriguingly, expression of a-myosin (a-MHC) was concurrently downregulated by stress conditioning (Fig.  5B ). This result is analogous to findings reported in the literature demonstrating, in human fetal ventricular tissue, that the relative amount of a-MHC protein (vs. b-MHC) decreases with gestational age [20] . The two cardiac myosin heavy chain genes, a-MHC and b-MHC, lie adjacent to each other in human and rodent genomes, and are known to be coordinately regulated in a negative reciprocal manner in the developing rat myocardium through a fascinating antisense-based inhibition of mRNA transcript levels [24] . Indeed, there is a noticeable inverse correlation between a and b-MHC expression in these conditioned human cardiovascular tissue constructs on a per-construct basis (Fig. 5C ). We propose that there may be a cooperative mechanism at play in human cardiac developmental maturation that is analogous to that described in the rat, which merits further study. We also examined the calcium transient dynamics of the cardiovascular constructs. Two weeks of cyclic stress conditioning markedly increased both departing velocity and calcium transient peak height (Fig. 6) indicating that rate and magnitude of calcium influx was markedly increased. Furthermore, cadherin and connexin expression, required for the establishment of the electromechanical syncytium necessary for coordinated synchronous contraction, also increased with cyclic stress conditioning (Supporting Information Fig. 4) . Further analysis in force production revealed that the engineered cardiovascular tissue demonstrated several native myocardium-like characteristics, such as Frank-Starling mechanism, responses to calcium concentration, BDM, and badrenergic agent (Supporting Information Fig. 5, 6 ). Moreover, stress conditioning increased the passive stiffness and cyclic stress conditioning further increased the contractility of engineered cardiovascular tissues (Fig. 7) . Taken together, these changes in contractile gene expression, protein levels, calcium flux, and force production all indicated that cyclic stress conditioning increased maturation of the cardiac subset of this engineered human cardiovascular tissue.
CONCLUSIONS
In conclusion, we were able to create a complex engineered human cardiovascular tissue with multiple cell types arising from a progenitor population, with cells differentiating together within the tissue matrix. We also examined how 3D scaffold versus 2D culture affected both fate-specification between the cardiac and vascular subsets and maturation of the resulting differentiated cells. Finally, we determined that exposure to cyclic stress conditioning affects maturation in the cardiac but not smooth muscle compartment, as well as markedly increasing the contractility of the resulting cardiovascular tissue. We believe that understanding how particular manipulations, such as mechanical stress conditioning, can affect the differentiation and maturation of developing cell populations is essential to 
